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Molecular-Level  Synthesis  and  Characterization 
of  Metal-Polymer  Interfaces 


Introduction 

Surface  interactions  between  metals  and  polymers  are  central  to  a 
range  of  applications:  corrosion  inhibition,  adhesive  joint  strength, 
electronics,  modified  electrodes,  polymer-supported  catalysis,  decorative 
plating.  In  the  last  funding  period  (DAAG-29-84-K-0052)  two  separate,  but 
strongly  interacting  research  programs  were  started  in  Professors  McCarthy 
and  Hsu's  laboratories.  The  first  (McCarthy's)  emphasized  the  preparation 
of  thin  films  of  polymers  attached  to  metallic  surfaces.  The  second  program 
(Hsu's)  concentrated  on  developing  characterization  techniques  and 
characterizing  polymer  structure  when  adsorbed  on  metallic  surfaces. 

Two  general  synthetic  approaches  were  taken:  In  one  case  polymers 
were  attached  to  the  metal  surface  by  grafting  from  the  surface.  The  metal 
was  reduced  and  a  ligand  which  was  capable  of  being  activated  to  an  anionic 
polymerization  initiator  was  attached.  The  initiator  was  activated  and 
monomer  was  added.  In  the  other  case,  polymer  monolayers  were  formed 
by  adsorption  of  polymers  containing  functionality  with  specific  affinity  for 
the  metal.  In  both  case  irreversibly  adsorbed  polymer  monolayers  were 
prepared. 

The  materials  were  characterized  by  a  range  of  techniques  including 
contact  angle  analysis,  gravimetric  analysis,  X-ray  photoelectron 
spectroscopy  and  scintillation  counting  of  radioisotope-labelled  polymers. 
The  major  characterization  emphasis  was  on  vibrational  spectroscopy, 
particularly  infrared  spectroscopy  and  the  technique  of  doubly  modulated 
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polarization  Fourier  transform  infrared  spectroscopy  was  developed  to  be 
our  most  useful  characterization  tool. 

Progress 

The  work  which  we  report  here  is  more  extensive  than  is  indicated  by 
this  report.  Specific  references  to  publications  are  given  and  reprints  and 
preprints  are  enclosed.  Although  we  are  not  presently  being  funded  by  ARO, 
the  work  continues  and  more  manuscripts  in  these  areas  are  in  different 
stages  of  preparation  and  will  appear.  This  report  includes  only  several 
examples  of  the  materials  we  have  prepared  and  the  characterizations  we 
have  performed. 

Synthesis 

Platinum-Polystyrene1.  One  synthetic  strategy  for  preparing  a 
model  metal-polymer  interface  was  by  grafting  from  the  metal  surface.  In 
choosing  the  variables  (metal,  ligand,  monomer,  polymerization  mechanism) 
for  this  approach,  several  requirements  were  considered:  The  metal  had  to 
be  easiiy  cleaned  of  its  oxide  coating  under  normal  laboratory  conditions 
(organic  solutions)  and  available  as  a  high  surface  area  solid.  We  wanted  to 
avoid  high  surface  area  supports  to  eliminate  unnecessary  complications. 

The  ligand  had  to  adsorb  irreversibly  or  at  least  tenaciously  and  be  capable  of 
initiating  polymerization.  The  monomer  had  to  be  suitable  for  analysis  by  a 
range  of  characterization  techniques.  We  had  a  preference  for  anionic 
polymerization  as  it  is  the  best  technique  for  preparing  monodisperse 
polymers.  Additionally,  these  variables  are  not  independent  and  had  to  be 
chosen  collectively.  Scheme  I  describes  our  choices  and  details  our  stepwise 
synthesis.  Platinum  is  easily  cleaned  of  its  oxide  coating  by  using  it  as  a 


catalyst  for  an  olefin  hydrogenation  reaction.  It  is  available  as  a  high  surface 
area  solid  -  platinum  black.  4-Picoline  was  chosen  as  a  ligand  for  two 
reasons:  (1)  It  has  been  shown  that  pyridine  adsorbs  irreversibly2  and 
perpendicular3  to  Pt( 111).  We  assume  that  4-picoline  behaves  analogously; 
this  has  been  demonstrated  for  Ni(100).4  (2)  The  pseudo-benzylic  hydrogens 
of  4-picoline  are  acidic  and  can  be  removed  to  form  an  anionic 
polymerization  initiator.  Styrene  can  be  anionically  initiated  to  form 
monodisperse  polymers  which  can  easily  be  characterized  by  a  range  of 
techniques.  Table  I  shows  data  of  representative  metal-polymer  samples 
prepared  as  indicated  in  Scheme  I.  The  molecular  weight  of  the  attached 

Table  I 

Calculated  Molecular  Weight 


polymers  was  calculated  from  the  elemental  analysis  (carbon  and  nitrogen) 
(Mn(obsd)).  The  values  of  Mn(calcd)  were  determined  from  the  ratio  of 
styrene  to  lithium  reagent  used.  The  numbers  should  be  compared  to  realize 
that  we  have  control  over  the  molecular  weight  of  the  attached  polymer,  but 
cannot  precisely  prepare  specific  molecular  weight  samples.  Infrared 
spectra  of  a  platinum-polystyrene  sample  and  a  control  (no  4-picoline  added) 
are  shown  in  Figure  1. 


Figure  1 
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Gold-Polystyrene.5  Polymer  monolayers  were  prepared  by  the 
adsorption  of  thiol-terminated  polystyrenes(PS-SH)  and  styrene-propylene 
sulfide  block  copolymers  (PS-PPS)  from  solution  onto  glass-supported 
evaporated  gold  films.  The  adsorption  was  followed  and  the  resulting 
monolayers  were  characterized  by  X-ray  photoelecton  spectroscopy  (XPS), 
external  reflectance  infrared  spectroscopy  (XR  IR)  and  liquid  scintillation 
counting  (LSC).  We  use  the  term  "polymer  monolayer"  to  mean  a  thin  film 
of  polymer  in  which  each  molecule  is  attached  to  the  surface;  no  order  in  the 
polymer  film  is  implied.  Most  of  the  experiments  which  we  performed  were 
adsorptions  from  THF,  a  solvent  from  which  unmodified  polystyrene  does 
not  adsorb.6  PS-SH  and  PS-PPS  are  thus  attached  to  the  gold  surface  by  gold- 
sulfur  bonds.  We  have  not  carefully  determined  the  kinetics  of  adsorption, 
but  have  determined  conditions  which  reproducible,  equilibrium  polymer 
monolayers  are  formed.  Adsorption  experiments  consisted  of  introducing 
polymer  solutions  (2  mg/mL  in  all  experiments  except  the  concentration 
studies  -  which  varied  from  0.02  to  3  mg/mL)  to  Schlenk  tubes  under 
nitrogen  via  cannula  to  cover  the  glass-supported  films.  Exposure  times 
varied  from  several  minutes  to  several  days.  In  all  cases,  equilibrium 
adsorbance  was  reached  after  1  h  (there  was  no  difference  between  1  h  and  24 
b  exposed  samples  by  any  analytical  technique  used).  Figure  2  shows 
adsorbance  vs.  molecular  weight  data  as  determined  by  LSC  for  PS-SH 
samples  with  molecular  weights  of  6000,18,000,  60,000  and  200,000.  The 
highest  molecular  weight  sample  studied  (500,000)  did  not  adsorb. 

Evidently  at  a  sufficiently  high  molecular  weight  (between  200,000  and 
500,000),  the  interaction  between  the  solvent  and  the  polymer  is  great 
enough  to  inhibit  sulfur-gold  interaction  and  the  thiol- terminated 
polystyrene  behaves  as  though  it  were  unmodified  polystyrene.  Figure  3 


shows  a  Cis  XPS  spectrum  of  a  135,000  molecular  weight  sample  of  PS-SH 

adsorbed  to  gold.  That  the  carbon  observed  by  XPS  is  due  to  polystyrene  is 
verified  by  the  k-k*  shake-up  satellite  which  is  observed  at  6.7  eV  higher 

binding  energy  from  the  main  Cis  photoelectron  line. 

A  series  of  PS-PPS  block  copolymers  were  prepared  with  the 
propylene  sulfide  block  varying  from  1  to  90%  molar  content.  Figure  4 
shows  the  adsorbance  results  determined  by  LSC.  The  adsorbance  decreases 
with  increasing  propylene  sulfide  block  size.  This  is  consistent  with  an 
adsorption  in  which  the  propylene  sulfide  block  (the  "sticky"  part  of  the 
copolymer)  strongly  adheres  and  covers  up  the  gold  surface:  the  longer  the 
propylene  sulfide  glock,  the  fewer  chains  adsorb.  This  configuration  was 
suggested7  for  styrene-vinylpyridine  copolymers  adsorbed  on  mica. 

Infrared  Characterization 

External  reflectance  IR  spectroscopy  has  been  the  principal 
characterization  tool  for  this  work.  It  has  been  useful  in  monitoring 
adsorption  experiments  and  determining  the  number  and  type  of  functional 
groups  at  the  surface.  Potentially,  infrared  spectroscopy  can  determine  the 
geometric  orientation  of  ligands,  the  strength  of  the  coordinative  interaction, 
the  effect  of  coordination  on  bond  strength  and  bond  geometry  in  the  ligand, 
the  yields  of  surface  chemical  transformations,  the  success  of  polymerization 
reactions,  functional  group  gradients  and  other  information.  The  utility  of 
the  specialized  techniques  of  attenuated  total  reflectance,  diffuse  reflectance 
and  external  reflectance,  especially  when  coupled  to  Fourier  transform 
infrared  spectrometers,  has  become  apparent  in  the  last  few  years,  but 
sensitivity  is  still  a  problem.  Most  of  the  techniques  are  suitable  for  thick 
film  studies  (we  should  emphasize  that  the  definitions  of  "thick  and  thin"  have 


Figure  4 
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changed  a  great  deal  in  the  past  few  years),  but  have  been  generally 
unsuitable  for  monolayer  and  sub-monolayer  regimes.  For  this  purpose  we 
have  developed  doubly  modulated  polarization  Fourier  transform 
reflectance  infrared  spectroscopy. 

The  principals  behind  the  technique  in  fact  are  understood  well. 
Basically,  we  take  advantage  of  the  difference  in  the  absorption  of  two 
mutually  perpendicular  radiation  beams  reflecting  from  a  metallic  substrate 
covered  with  thin  organic  coatings.  By  modulating  these  two  polarized 
beams,  their  differences  can  be  enhanced  with  the  use  of  a  lock-in  amplifier. 
Experimentally  this  technique  is  much  more  difficult  than  we  had  expected. 
It  was  not  until  earlier  this  year  that  our  experiments  reached  the  theoretical 
limits  of  this  technique.  Figure  5  shows  a  spectmm  of  a  PS-SH  sample 
adsorbed  to  gold. 

In  addition  to  the  work  on  polymer  metal  interfaces,  considerable 
work  has  been  done  on  adsorbed  thin  films  of  discotic  liquid  crystals.  We  do 
not  discuss  this  here,  but  enclosed  are  reprints  and  preprints  of  this  work. 
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